Abstract A four-year study was conducted on young Olea europaea L. trees to investigate the effect of deficit irrigation starting from the onset of fruit production. Subsurface drip irrigation was used to supply 100% (FI), 46-52% (DI), or 2-6% (SI) of tree water needs. Tree growth was reduced by deficit irrigation, whereas, return bloom was not. Per tree fruit yield of DI trees was 68% that of FI, but fruit yield efficiency based on tree size was similar between treatments. Fruit set and the number of fruits of FI trees were similar to those of DI trees and significantly higher than in SI trees. No significant differences in fruit fresh weight were found between FI and DI. The oil yield and oil yield efficiency of the DI treatment were 82 and 110% that of FI trees, respectively. A level of about 50% deficit proved sustainable to irrigate trees for oil production.
Introduction
Recent extensive evidence shows that deficit irrigation practices are beneficial in the olive orchard. Reductions in yield associated with deficit irrigation are usually compatible with commercial goals, while water saving is substantial. Moriana et al. (2003) found no significant differences in yield responses of olive trees grown under sustained deficit irrigation (SDI = 74% of crop evapotranspiration evenly distributed during the irrigation season) or regulated deficit irrigation (RDI, 68% of crop evapotranspiration with a two-month mid-summer period without irrigation) over a three-year period despite the fact that deficit-irrigated trees yielded 73-76 and 79-85% of the fruit and oil, respectively, of fully irrigated ones. In another study, when trees received about 50% of their water needs during the irrigation period of approximately 2.5 months, the fruit and oil yields (cv. Leccino) were 19% lower than those of fully irrigated ones . GomezRico et al. (2007) reported that the fruit yield of trees (cv. Cornicabra) grown under rainfed conditions was about 35% lower than that of fully irrigated trees. However, when different irrigation regimes (full irrigation, 125% irrigation, deficit irrigation) were compared, the oil yield was similar. Lavee et al. (2007) applied different degrees of water deficit and compared different RDI regimes in cv. Muhasan. They found that trees receiving all the annual water (2,680 m 3 ha -1 , equivalent to half of the amount of water applied to fully irrigated trees) after endocarp hardening, yielded 83 and 88% of the fruit and oil of the fully irrigated treatment, respectively.
On the other hand, there is still uncertainty about which deficit irrigation strategies are better, although a wide array of alternatives exists, particularly regarding whether the application is constant (CDI or sustained SDI) or regulated to specific periods (RDI). Moriana et al. (2003) concluded that SDI or RDI strategies were apparently equal in yield (cv. Arbequina), whereas, restricting irrigation during the ''off'' year and irrigating fully during the ''on'' year resulted in lower cumulated yield than either RDI or SDI regimes. Lavee et al. (2007) suggested that the most efficient schedule for RDI irrigation was to withhold water till the end of endocarp hardening and then apply the full annual volume from that stage until 2 weeks prior to harvest. Iniesta et al. (2009) concluded that fruit and oil yields were similar when trees were either deficit irrigated at a constant percentage (CDI, 25% of controls throughout the irrigation season) or received the same total amount of water (about 1,400 m 3 /ha) during June and SeptemberOctober but no water at all in July-August during endocarp hardening (RDI) .
All the aforementioned studies were conducted on fully productive trees. In addition to directly affecting yield components, such as fruit number, fruit size, and oil content, the irrigation regime can influence production by affecting vegetative growth and the relationship between vegetative and reproductive growth. In the initial years of orchard establishment, when rapid vegetative growth is desirable in order to quickly obtain optimum tree size and canopy as well as to begin fruit production as soon as possible, it is critical not to depress vegetative activity. For this reason, in commercial practice, deficit irrigation is commonly implemented once trees are fully grown to avoid negative effects on the formation of tree structure during the training period. Pérez-López et al. (2007) reported that deficit irrigation (50% of the volume of water applied to fully irrigated trees) in young olive trees (cv. Cornicabra) decreased canopy volume and trunk diameter to about 75 and 80% that of fully irrigated ones over a three-year period. Greven et al. (2009) showed that shoot growth and oil yield of 5-year-old trees that received no water for 64 days during the summer were about 80% of those of fully irrigated trees during one growing season. However, little research has been done so far on how early deficit irrigation strategies can be started during orchard establishment and how sustainable this practice can be in the long run. Deficit irrigation at early stages of tree development may result useful not only for water saving but also for controlling vigor in high-density olive orchards.
The objective of this study was to investigate the longterm effect of deficit irrigation on vegetative growth, flowering, and yield components of young olive trees, grown in a high-density orchard for oil production. In particular, we imposed different irrigation regimes starting from the fourth year after planting through the onset of fruit production and until trees had attained full production.
Materials and methods

Plant material and soil characteristics
Experiments were conducted in an olive (O. europaea L.) orchard at the experimental farm of University of Pisa at Venturina, Italy (43°01 0 N; 10°36 0 E), between 2006 and 2010. The cultivar used was Frantoio, widely cultivated for oil production worldwide.
Soil characteristics were determined in 2003, when the trees were planted, and again in 2008. The soil was a deep (1.5 m), sandy-loam (ISSS classification, FAO 1998) consisting of 60% sand, 15% clay, and 25% silt. The pH was 7.9, average organic matter 1.84% and ion exchange capacity 13.7 meq/100 g, all measured at 0.4 m depth. The soil was high in Ca and Mg, medium for N, K, Na, and low in P (Table 1) . The upper and lower limits of soil water content, calculated from soil texture parameters (Saxton and Rawls 2006) , were 0.21 and 0.10 m 3 m -3 , respectively. The trees were planted at a spacing of 5 9 3.9 m (513 trees ha -1 ) in April 2003. Orchard management was aimed at keeping labor and chemical input to a minimum. Trees were trained to a single-trunk free canopy from year 1 through year 8 (2010) applying minimum pruning criteria (Gucci and Cantini 2000) . Starting in 2006 an average of 8.7 kg/tree of pruned wood was removed every year and less than 10 min were needed annually to prune a single tree. At the end of the 2009 growing season, the average height of trees was about 4.2 m. Pruned wood was shred and distributed on the soil surface using a VKD 170 shredder (Nobili, Bologna, Italy). The soil was disked from the year of planting until October 2004 when a permanent grass cover was allowed to establish and then subsequently mown 3-4 times a year.
Spray applications of dimethoate and fenitrothion (Isagro, Milano, Italia) at standard concentrations of 3 and 2 g l -1 , respectively, were used when needed to control the olive fruit fly (B. oleae Rossi) and other pests. Spray applications of copper oxychloride (Isagro, Milano, Italia) at standard concentration of 5 g l -1 were used to control diseases. The trees started fruit production in 2005 (about 5 kg/tree). (Nahal 1981) , the climate at the experimental site was sub-humid Mediterranean. The Emberger's pluviometric quotient (Q), which expresses the aridity of the Mediterranean climate (the smaller the quotient, the drier the climate), was 80.7 and the minimum temperature of the coldest month was -3.6°C. Annual rainfall was 635 mm (mean of 18 years), mainly distributed from October to December, whereas, the dry period ranged from June to August, as evident from Fig. 1 (Fig. 2) . Effective precipitation (EP), calculated as 75% of the daily rainfall (individual rains less to 4 mm were excluded), was 482, 756, and 528 mm in 2007, 2008, and 2009, respectively. During the summers, the average mean temperature was similar (23.3, 22.4, 23.1, and 23.3°C in 2006, 2007, 2008, and 2009, respectively) Table 2 ). The most stressed treatment was To determine the amount of water supplied to the fully irrigated trees, potential evapotranspiration (ET 0 ) was calculated using the Penman-Monteith equation, then, effective evapotranspiration was calculated according to Doorenbos and Pruitt (1997) . The crop coefficient (K c ) during the irrigation period was 0.55; the coefficient of ground cover (K r ) was calculated at the beginning of the growing season, taking into account the mean diameter of the canopy area projected at solar noon in June and tree density (Orgaz and Fereres 1999) . The calculated K r values were 0.6, 0.8, 0.9, and 1 in 2006, 2007, 2008, and 2009, respectively. Fully irrigated trees received water 4-5 days a week, and the volumes applied annually are reported in Table 2 . The volume of water supplied to fully irrigated trees increased over the years to account for tree growth. 3 ha -1 ), whereas, in 2009, due to summer precipitations, the water applied was 23% of FI trees. Thus in 2009, when EP was considered, the amount of water received by DI trees during the irrigation period was 46% of FI trees. The 50% water-saving seasonal target for the deficit treatment was achieved by supplying (2-3 days a week) half of the amount of FI trees and adjusting volumes based on measurements of pre-dawn leaf water potential (PLWP) that was maintained above -2.5 MPa. Severely stressed trees received 117 and 45 m 3 ha -1 , in only three and two irrigation events in 2008 and 2009, respectively. Those volumes were equal to 6 and 2% of those received by the FI trees in the same years, respectively.
To determine the beginning and the end of the irrigation period, we used a water balance approach, whereby water inputs and outputs were calculated bi-weekly. Irrigations were usually necessary between July and October, but in 2008 and 2009 water was also needed in April and May. These complementary irrigations were also used to supply fertilizer in equal amounts to all treatments. Fertilizers were applied via the sub-surface irrigation system every year before irrigation treatments were put into action. A total of 85, 25, and 50 g of N, P 2 O 5 , and K 2 O/tree were supplied to all trees in 2007, 2008, and 2009, respectively. Irrigation volumes were calculated based on the effective evapotranspiration and tree water status; the latter was determined by measuring PLWP during the dry season at 7-10 days intervals. In 2006, we only measured PLWP five times during the irrigation period. One fully expanded leaf/ plant from fruiting shoots in the outer part of the canopy was sampled from each tree at the end of the night period. Care was taken to minimize water loss during the transfer of the leaf to the chamber by enclosing it in plastic bag immediately prior to excision (Turner and Long 1980) . The leaf was put in the cylinder of a custom-built Scholandertype pressure chamber (Tecnogas, Pisa, Italy), which was then pressurized with nitrogen gas at a maximum rate of 0.02 MPa s -1 (Costagli et al. 2003) . Usually the PLWP of deficit-irrigated trees was maintained above -2.5 MPa. Severely stressed trees received only complementary irrigation, usually when the PLWP dropped below -4 MPa. To account for the fluctuations in tree water status of deficit treatments, measured PLWP values were cumulated over the irrigation period, and the integrated PLWP calculated, as previously reported ).
Vegetative growth
Vegetative growth was assessed as trunk cross-sectional area (TCSA) and canopy volume. Trunk circumference was measured 0.4 m above the ground, and the TCSA was calculated at the beginning and at the end of each growing season since the year of planting. The average canopy volume was calculated from the measurements of height and width of the canopy taken in November 2007, November 2008, and December 2009, assuming an elliptic shape.
Flowering and fruit set
In spring, at the time of complete inflorescence elongation, the total number of 1-year-old shoots, the number of 2007, 2008, 2009, and 2010, respectively . Fruitlets present on each selected branch were counted about 30 days after full bloom (DAFB) and fruit set expressed as the number of fruits/inflorescence. The presence of other cultivars in the orchard guaranteed abundant compatible pollen supply for fruit set.
Yield components
Immediately before harvest, either 100 (in 2006, 2007 and 2009) or 50 (in 2008) fruits were randomly sampled from around the canopy of each tree to measure average fruit weight. The same fruits were also used to determine the maturation index according to standard methodology, whereby the skin and flesh colors were scored according to a 0-7 scale (Beltran et al. 2004 ). The total number of fruits/ tree was calculated by dividing the crop yield by the average fruit weight. Harvest occurred on October 24 and November 20 in 2006, November 6, 2007 , October 21, 2008 , and October 19, 2009 . Each tree was harvested individually by hand and final crop yield was expressed/tree and also as efficiency, that is, on the basis of TCSA to account for differences in tree size and vegetative growth at the end of the growing season.
The oil content of the fruit mesocarp of five fruits/tree, previously sampled for fresh weight determinations, was measured at harvest by nuclear magnetic resonance Oxford MQC-23 analyzer (Oxford Analytical Instruments Ltd., Oxford, UK). The mesocarp was cut in small (2-5 mm) pieces and oven-dried at 70°C for 48 h. The oil yield of individual trees was calculated after measuring the mesocarp oil content on a dry weight basis, the fruit fresh yield, the mesocarp/fruit ratio, and the ratio between dry and fresh weight, as previously reported . As with fruit yield, oil yield was expressed/tree and also as efficiency based on TCSA.
Experimental design and statistical analysis
The trees were arranged according to a completely randomized block design with three blocks, each consisting of three irrigation treatments. Each of the nine plots consisted of 12 trees divided into three rows of four trees. To avoid border effects only the central rows were used and all measurements were carried out on the inner trees of the central row. The same trees were used throughout the experiment. Means of irrigation treatments were separated by least significant differences (LSD) at P B 0.05 after analysis of variance (ANOVA). Where applicable, data were analyzed by regression using Costat (CoHort Software, Monterey, USA). Since tree size was not uniform across treatments when the different irrigation treatments began in 2006, growth data were subjected to analysis of covariance (MedCalc software, Mariakerke, Belgium) using TCSA measured in November 2005 as a covariate.
Results
The PLWP of the fully irrigated trees was usually maintained above -1 MPa with an average of -0.85 MPa in both 2008 and 2009. In 2007, the PLWP dropped below -1 MPa four times due to pump failure and reached the minimum value of -1.93 MPa at 112 DAFB (Fig. 3) . The PLWP of DI trees decreased progressively with increasing seasonal drought and reached values of -2.63, -2.18, and -2.67 MPa at 83, 67, and 110 DAFB in 2007 83, 67, and 110 DAFB in , 2008 83, 67, and 110 DAFB in , and 2009 (Fig. 3) Both TCSA and canopy volume were reduced when water was restricted. The effect on TCSA was evident in the year following the supply of different amounts of water (Fig. 4) . Similarly, the effect of severe stress on vegetative growth became evident only at the end of the 2009 growing season (Fig. 4 and Table 3 ). This is logical since the SI treatment was started on July 2, 2008, when most shoot growth had already occurred. At the end of 2009, the trunk size of fully irrigated trees was 108 and 122% that of DI and SI trees, respectively (Fig. 4) . However, the analysis of covariance showed that the effect of different TCSA prior Irrig Sci (2013) 31:37-47 41 to the establishment of irrigation differences was highly significant (P \ 0.001) in all years, whereas, that of irrigation was not (Table 4) . In spring 2006, before the beginning of the irrigation treatments, the number of flowering shoots and fruit set/ inflorescence was similar for all trees (Table 5 ). In 2008, the number of fruits/branch and fruit set of fully irrigated trees was significantly higher than that of stress-irrigated trees, due to the greater number of total shoots and flowering shoots/branch. In 2009, even though there were no differences in number of flowering shoots or fruits/branch between treatments, fruit set of fully irrigated trees was still greater than that of stress-irrigated trees. Fruit set of deficitirrigated trees was also higher than that of stress-irrigated trees in both 2008 and 2009 (Table 5 ). The number of inflorescences/branch was never significantly different during the four-year study period. Fruit set, expressed as number of fruits/inflorescence was significantly lower for stress-irrigated trees than fully or deficit-irrigated trees in both 2008 and 2009. Yet, 2008 fruit set differences cannot be attributed to the effect of water deficit since the SI treatment did not exist in 2007 and was not started until after fruit set in 2008. There were no differences in flowering parameters in spring 2010.
Fruit yield of fully irrigated trees was higher than that of deficit-irrigated trees by 38, 24, 31, and 32% in 2006, 2007, 2008, and 2009, respectively (Table 6 ). All these differences were significant except in . In 2008 , when the rain fed (severe stress) treatment was underway, its total yield was 53 and 58% that of fully irrigated trees, (Table 6 ).
Over the four-year study period, fruit yield of DI trees was 68% that of fully irrigated ones. However, when fruit yield was expressed on a TCSA basis, it was similar for FI and DI treatments over the four-year period. In 2008 and 2009, fruit yield efficiencies of FI and DI trees were 41 and 27% higher than those of SI trees, respectively (Table 6 ).
The number of fruits/tree of FI and SI trees reflected differences in fruit set (Tables 5, 6 ). The number of fruits of FI trees was significantly higher than in SI trees, yet this difference disappeared if the number of fruits/tree was expressed on a TCSA basis (Table 6 ). The number of fruits of DI trees was never significantly different from that of FI trees (Table 6 ), which were nevertheless 25-30% more numerous than the former ones. The low number of fruits in 2007 was mainly due to strong winds that occurred 2 days before harvest and caused early fruit abscission of fruits weakened by high infestation of B. oleae. In 2010, the number of fruits/tree at harvest was 16,633, 13,990, and 14,060 for FI, DI, and SI treatments, respectively, and not significantly different among treatments.
No significant differences in fruit FW were found between fully and deficit-irrigated trees in all 4 years. For 2008 and 2009, the years when the stress treatment was applied, the fruit FW of SI trees was 12-15% lower than that of the other two treatments (Table 6 ). In general, the fruit FW decreased with increasing water stress although there was some variability in FW at harvest between the 2 years ( Fig. 5a, b) . The fewer fruits borne by the trees in Irrigation was differentiated into two levels (full and deficit) since July 2, 2006
Values are means ± standard deviations of 7 or 8 trees/treatment * Received the same amount of applied water of the deficit irrigation treatment 2009 can partially explain why fruits were bigger in that year than in previous years, regardless of irrigation treatment. Pigmentation of skin and pulp was delayed in FI trees in the last 2 years (Table 6 ).
The oil yield of the DI treatment was 82% that of FI trees over the 4 years. The oil yield of SI trees was significantly lower than that of FI in both 2008 and 2009. In particular, the oil yield of FI trees was 37 and 39% higher (Table 6 ). The oil yield efficiency, expressed as the oil yield/TCSA, of trees under deficit irrigation was 110% that of fully irrigated trees over the entire study period (Table 6 ). The high oil yield efficiency of DI trees was partially due to the significantly higher oil content in the mesocarp than in the other 2 treatments in 3 out of 4 years. Over the four-year period the mesocarp oil content of DI trees was 2% higher than those of the FI trees (Table 6) . Maximum oil content in the mesocarp was obtained at intermediate levels of water deficit, whereas, oil content decreased when trees were fully irrigated or severely stressed (Fig. 5c, d ).
Discussion
Modern, high-density olive orchards require irrigation. The productive advantages of irrigation vary depending on soil type and climatic conditions. In areas where summer drought is long and severe, fully irrigated trees have been reported to produce even five times the fruit yield and four times the oil yield of rainfed trees (Lavee et al. 2007 ). In more humid climates oil production of fully irrigated, mature trees ranged 179-190% that of rainfed trees Moriana et al. 2003) . In the 2 final years of our experiment, the fully irrigated trees produced more than 1.5 times the oil yield of the severely stressed treatment. These substantial increases in production explain why new orchards are planted virtually always with localized irrigation systems. The occasionally reported lack of an effect on productivity (Melgar et al. 2008) can be explained by specific experimental conditions, such as deep soils and precipitations regime, that maintained ample soil water availability in the deficit treatment. In fact, in 2010, we also did not find any significant difference in yield (fruit, yield) or any of the yield components (number of fruits/tree, fruit fresh weight, oil in the mesocarp) between irrigation treatments due to abundant rains that occurred during the summer (precipitation was 295 mm from July 1 through harvest on October 25) and over the whole year (annual value was 1185 mm). While subjecting young olive trees to deficit irrigation during the summer months caused a 32% decrease in fruit yield, the oil yield was 82% of that of fully irrigated trees over 4 years. A greater reduction in fruit than in oil yield has been reported in many studies where various deficit irrigation strategies were used in highly productive orchards (Iniesta et al. 2009; Lavee et al. 2007; Moriana et al. 2003) . In these studies, the oil yield of deficit-irrigated trees ranged 79-86% of the fully irrigated ones, consistent with our results. It should be noted that similar ratios (81 and 77%) were reported in the only two deficit irrigation studies conducted using young trees we are aware of (Greven et al. 2009; Pérez-López et al. 2007) . A \20% oil yield reduction appears to be compatible with the objectives of commercial oil production, also considering the low volumes of water applied and the corresponding water saving of about 50% per irrigation season. Although some benefits of deficit irrigation for table olive production have been demonstrated, i.e., an increase in pulp-pit ratio in mature trees (Gucci et al. 2009 ), the levels of deficit irrigation we used cannot be recommended in young orchards for table olive production because the reduction in fruit yield exceeded 30%. Oil content, fruit number, and fruit size all contribute to oil yield. The difference in oil yield between fully irrigated and deficit-irrigated trees was 18% over the 4 years. The mesocarp oil content was higher in fruit from deficit-irrigated trees than the other 2 treatments in 3 of the 4 years of study. Similar increments in deficit-irrigated trees have been previously reported Iniesta et al. 2009; Lavee et al. 2007 ). Oil accumulation increased as water deficit decreased up to approximately -1.5 MPa integrated PLWP (Fig. 5) , confirming previous results ). In general, it is safe to state that the oil content decreases as tree water status denotes severe stress, whereas, it changes little between moderately stressed trees and well-irrigated ones regardless of tree age (Moriana et al. 2003; Rapoport et al. 2004; Iniesta et al. 2009 ). The oil content of the fruit is also influenced by the number of fruits on the tree, a condition that appears to interact with irrigation level Lavee et al. 2007 ). Thus, a low crop may contribute to explain why the oil content did not respond to different irrigation volumes in table olive cultivars (Patumi et al. 1999 (Patumi et al. , 2002 .The other yield components, fruit number, and fruit size, did not differ significantly between the deficit and the full irrigation regimes, similarly to Moriana et al. (2003) , who reported no significant differences in fruit number between RDI, SDI, and FI trees over 3 years and significant differences in fruit fresh weight between RDI and FI in only 1 out of 3 years. Changes in maturation index and the lack of an effect on flowering and yield components may indicate that the moderate levels of water deficit we applied were probably insufficient to influence them. However, when the degree of water deficit was severe both fruit number and fruit weight were decreased markedly as also found previously .
Although growers are paid based on their total yield, yield efficiency, that is the amount of fruit or oil produced/ unit size of the tree, plays an important role in orchard costs and sustainability. Maintaining small tree size permits increased planting density and less pruning, as well as reducing the time required for harvesting and other practices. In our study, the decrease in fruit yield disappeared when yield was expressed on a TCSA basis. As a result, the 50% deficit-irrigated trees had the same yield efficiency as fully irrigated ones and, when we considered the oil yield efficiency, it was even higher (110%). Since tree production is linked to canopy volume, undesirable delays in the onset of fruit production may be brought about by marked reductions in growth during the training phase (Pérez-López et al. 2007 ). However, we did not observe any delay in the onset of fruit production probably because the reduction in vegetative growth of trees under deficit irrigation was only about 10% and the trees had already produced a full crop in 2006, only 4 years after planting. Vegetative growth is furthermore important for the olive tree in relation to reproductive potential, including alternate bearing, as the flowers and fruits are mainly produced on vegetative shoots from the immediately previous year.
In conclusion, we showed that deficit irrigation is a sustainable practice that can be used starting from the onset of fruit production in orchards for oil production. During the four growing seasons, the overall water saving was 3678 m 3 ha -1 , corresponding to 48-67% of the annual volume supplied to the fully irrigated treatment. The effect on tree size is important for modern olive growing, in which mechanization and rapid achievement of productivity are highly valued. In high-density or hedge-row orchards currently of interest for olive production, water management can help reduce overly vigorous vegetative growth (Tognetti et al. 2006) . Additional benefits of deficit irrigation on oil quality have been recently documented (Berenguer et al. 2006; Motilva et al. 2000; Servili et al. 2007 ). The reduction in fruit yield well over 20% confirmed the results of previous studies (Gomez-Rico et al. 2007; Iniesta et al. 2009; Lavee et al. 2007; Moriana et al. 2003) and did not make the use of deficit irrigation recommendable in young orchards for table olive production. On the other hand, the deficit irrigation regime we used on young trees appears compatible with commercial goals of oil production. Berenguer MJ, Vossen PM, Grattan SR, Connel JH, Polito VS (2006) 
